The thermal decomposition behavior of fire retardant viscose fiber and viscose fiber were studied by thermogravimetric analysis (TGA) under air atmosphere at heating rates of 10, 20, 30 and 40 o C/min. The activation energy and pre-exponential factor were calculated by using the Kissinger method, Flynn-Wall-Ozawa (FWO) method and Satava-Sestak method. The results show that the activation energy for the fire retardant viscose fiber calculated by Kissinger and FWO method was 102.51kJ/mol and 103.73kJ/mol, respectively. The activation energy for viscose fiber calculated by Kissinger and FWO method was 103.58 kJ/mol and 104.83kJ/mol, respectively. The kinetic mechanism function of fire retardant viscose fiber was
INTRODUCTION
Viscose fiber is a manufactured regenerated cellulose fiber with almost the same structure as cellulose. As a result, it contributes more properties similar to those of natural cellulosic fibers, such as cotton and linen, than those of petroleum-based synthetic fibers, such as nylon and polyester fiber. These excellent properties include a silk-like aesthetic with superb drape and feel, moisture absorbance, breathability, ease of dyeing in vivid colors, wear comfort, and moderate dry strength and abrasion resistance.
Unfortunately, as a cellulosic fiber, viscose fiber is apt to burn, which restricts its wider application. Thus the manufacture of fire retardant viscose fiber is necessary. Many researchers have studied the fire retardant property of viscose fiber by blending [1] [2] [3] [4] [5] [6] , finishing [7] [8] [9] [10] [11] [12] [13] and chemical modification [14] [15] with fire retardant compound.
The kinetic analysis of the thermal decomposition of cellulose has been studied by some researchers [16] [17] [18] . To date, the thermal decomposition kinetics of fire retardant viscose fiber and viscose fiber have not been reported in the literature. In this work, we report the detailed investigation of thermal decomposition of fire retardant viscose fiber and viscose fiber. From TGA curves of fire retardant viscose fiber and viscose fiber at different heating rates, the activation energy was obtained by using the Kissinger method and the Flynn-Wall-Ozawa (FWO) method. The respective kinetic mechanism functions for fire retardant viscose fiber and viscose fiber are proposed.
EXPERIMENTAL Materials
Viscose fiber and fire retardant viscose fiber were supplied by Shandong Helon Co. Ltd. (Shandong, China). The fire retardant viscose fiber was manufactured by blending sodium silicate with viscose. The fineness of the viscose fiber and fire retardant fiber was 1.66 dtex and 3.17 dtex, respectively.
Thermogravimetric analysis (TGA)
The thermaogravimetric analysis was conducted on NETZSCH STA 409 PG/PC under air atmosphere at a flow rate of 20 mL/min. The sample weight was approximately 35 mg, and the analysis was carried out at various heating rates (10, 20, 30 and 40 o C/min) from room temperature to 650
Where α is the extent of conversion at decomposition time t, k is the reaction rate constant, and f(α) is the reaction mechanism function. Eq (1) expresses the rate of conversion, dα/dt at a constant temperature as a function of the reduction in reactant concentration and the rate constant. The parameter k is generally given by the Arrhenius equation:
where A is the pre-exponential factor (min 
Under a controlled heating rate, β ＝ dT/dt is introduced into Eq. (3), and Eq. (4) can be obtained as follows:
Eq. (3) and Eq. (4) are the fundamental expressions of analytical methods used to calculate kinetic parameters on the basis of TGA data.
Many kinetic analysis methods are used to study the thermal decomposition of the materials. In this study, Kissinger method [19] , Flynn-Wall-Ozawa (FWO) method [20] and Satava-Sestak method [21] were used.
Through separating the variable and rearranging with the integral or differential functions of Eq. (4), the Kissinger Eq. (5) and the FWO Eq. (6) can be gained respectively as follows:
In Eq. (5), T P is the temperature corresponding to the maximum weight loss rate. In this method, four or more thermal degradation curves are used. The activation energy and the pre-exponential factor can be determined from the slope and the ordinate of the linear plot of ln(β/T P 2 ) versus 1/T P , respectively. Kissinger method is suitable for computing the kinetic parameters when the thermal degradation rate is fast.
In Eq. (6), G(α) is the integral function of conversion. This is one of the integral methods that can determine the activation energy without understanding the reaction order or the reaction mechanism. It is a relatively simple method for determining the activation energy directly from data of the weight loss versus the temperature obtained at several heating rates. The activation energy can be determined from the slope of the linear plot of lnβ versus 1/T P . Compared with other kinetic methods, the Flynn-Wall-Ozawa method avoids the possible error resulting from the different assumptions of the reaction mechanism function; therefore, it can be used to validate the activation energy computed by the different assumptions of the reaction mechanism function. It can be used to obtain the kinetic parameters of any points on the TGA curves.
Rearranging the Eq. (6), we obtain the Satava-Sestak Eq. (7), where G(α) is the integral function of conversion. It can be used to obtain the kinetic parameters of any points on the TGA curves. The E S (E obtained from Satava-Sestak method), A S (A obtained from Satava-Sestak method) and linear correlation coefficients r of different model functions could be calculate from a plot of lgG(α) against 1/T. In this work, thirty types of kinetic model functions [22] were used in the Satava-Sestak method. Figure 1 shows the TGA curves of viscose fiber and fire retardant viscose fiber. For viscose fiber and fire retardant viscose fiber, they have three weight loss stages. The first stage starts from 50 o C to 150 o C with about 7 wt% (viscose fiber) and 6 wt% (fire retardant viscose fiber) weight loss corresponding to the evaporation of adsorbed and combination water of the fiber [2, [23] [24] , indicating that the moisture of fire retardant viscose fiber is less than that of viscose fiber. As the temperature increases, the mass loss remains constant until about 200 o C for fire retardant viscose fiber and 240 o C for viscose fiber, respectively. That is to say the degradation temperature of fire retardant viscose fiber is 40 o C lower than that of viscose fiber. For the second weight loss stage, the weight loss is rapid. There are differences in behavior between the viscose fiber and the fire retardant viscose fiber. The decomposition temperature of the fire retardant viscose fiber occurs sooner and the weight loss is less. In this stage, the weight loss percentage of viscose fiber is about 50%, while the weight loss of fire retardant viscose fiber is about 41%. The weight loss of viscose fiber corresponds to the dehydration and decarboxylation reactions producing combustible gasses like aldehydes, ketones, ethers, etc. [23] and the evolution of water, carbon monoxide and carbon dioxide [25] , while the weight loss of fire retardant viscose fiber corresponds to the dehydration of polysilicic acid. The dehydration of polysilicic acid provides a flame and heat barrier not only to reduce the emission of combustible gases generated from viscose fiber but also to inhibit the degradation, thus leading to decreased weight loss for fire retardant viscose fiber. As to the third weight loss stage, it can be seen that the rate of weight loss is relatively lower than that of the second one, and the weight loss curves of viscose fiber and fire retardant viscose fiber are almost parallel. The weight loss of viscose fiber lies between 325 o C and 600 o C, corresponding to the decomposition of char formed in the second stage [26] . In contrast, the weight loss period of fire retardant viscose fiber lies between 325 o C and 520 o C, originating in the protection silica layer. Totally, the decomposition of fire retardant viscose fiber is slower and the char residue is much higher than that of viscose fiber. Figure 2 and Figure 3 display the TGA curves of fire retardant viscose fiber and viscose fiber at different heating rates. The Kissinger method is only suitable for computing the kinetic parameters of the region at which the thermal degradation rate is fast. However, FWO and Satava-Sestak methods were used to calculate the kinetic parameters of any region on the TGA curves. On the basis of Kissinger method, by ploting ln(β/T P 2 ) versus 1/T P , the regression curves can be obtained by using the least square method, as shown in Figure 4a and Figure 5a . The slope and intercept of the curve for fire retardant viscose fiber are -1. According to the FWO method, by plotting lgβ against 1/T P , the regression curves can be generated by the least square method, as shown in Figure 4b and Figure 5b . The slope and intercept of the curve for fire retardant viscose fiber are -5.816×10 3 2 , which indicates that the degradation of the fire retardant viscose fiber follows a kinetic model of three-dimensional diffusion.
RESULTS AND DISCUSSION Thermogravimetric Analysis (TGA)

Thermal Decomposition Kinetics
As far as viscose fiber is concerned, six suitable kinetic functions were selected. The E S and the corresponding lgA S calculated from the 30 types of mechanism functions were listed in 
CONCLUSION
The thermal degradation behaviors of fire retardant viscose fiber and viscose fiber were studied by TGA technique in detail. The temperature of the main thermal decomposition of fire retardant viscose fiber was found to be lower than that of viscose fiber, while the mass loss and char residue of fire retardant viscose fiber and viscose fiber were less than those of viscose fiber. The activation energy obtained from TGA curves of fire retardant viscose fiber and viscose fiber by using the Kissinger and the Flynn-Wall-Ozawa (FWO) method were nearly equal. The kinetic mechanism functions of fire retardant viscose fiber and viscose fiber were found to be G(α) = [(1+α) 
